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When a walking person is presented in a movie, the background image appears to move in a direction
opposite to that of the person’s locomotion. This study aimed to quantify the strength of this backscroll
illusion and to examine interobserver and intraobserver variability. Stimuli were movie clips that pre-
sented a walking person in proﬁle against a background of dynamic grating composed of two vertical
sinusoidal gratings moving in opposite directions. Employing a motion-nulling method, we controlled
the ratio of luminance contrasts of the component gratings to determine points that canceled the percept
of unidirectional motion in the grating background. Results across 50 observers showed that the back-
scroll illusion disappeared when a luminance contrast of moving grating components consistent with a
walker’s direction was about twice as high as that for the opposite motion direction. Intraobserver var-
iability was relatively small. However, nulling points for individual observers were more variable under
conditions with dynamically moving walkers than conditions presenting only a static picture of a walker.
We speculated on the underlying mechanisms of the backscroll illusion in relation to similar phenomena.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The backscroll illusion is an apparent motion perceived in a
pattern behind a locomotive object such as a person, animal, or
vehicle. This illusion can be demonstrated in a video clip in which
a person walks or runs in the center of the screen against a back-
ground of counterphase grating (Fig. 1a). Although the movie im-
age has physically ambiguous motion energies, the grating
appears to drift in the opposite direction to the person’s locomo-
tion. In Fujimoto and Sato (2006), experimental evidence was pre-
sented that the recognition of object motion from the form and/or
bodily action determines the backscroll illusion. For example, the
probability of the illusion correlated with a velocity match be-
tween the human locomotion and the grating. The time course
showed that the illusion arose as if it was synchronized with gait
recognition, and that it was sustained against several reversals of
limb swings so that local motion accounts were denied. Even a
still picture of the walker induced this illusion, although its prob-
ability was about half of that yielded by an animated walker. As
well as a human ﬁgure, a vehicle produced a similar illusion. The
illusion occurs in the far periphery of the visual ﬁeld (Fujimoto &
Yagi, 2007).
Involvement of high-level perceptual processing distinguishes
the backscroll illusion from other motion illusions. For example,
in the rotating snakes illusion (Kuriki, Ashida, Murakami, & Kit-ll rights reserved.
moto).aoka, 2008), Leviant’s enigma (Troncoso, Macknik, Otero-Millan,
& Martinez-Conde, 2008), and Ouchi illusion (Ashida, 2002), static
pictures produce a sensation of motion. Such static motion illu-
sions originate from characteristic geometric patterns deﬁned by
low-level features such as luminance, contrast, orientation and
spatial frequency. However, these low-level features cannot ac-
count for the backscroll illusion because this appears in a random
dot stimulus without geometric cues (Fujimoto & Yagi, 2008). A
motion illusion from a stimulus similar to that of the backscroll
illusion, the induced motion phenomena, has been well-docu-
mented (for review, see Reinhardt-Rutland, 1988). When unidirec-
tional motion surrounds ambiguously moving patterns, the
patterns appear to move in a direction opposite to that of the sur-
rounding motion. This induced motion has been explained by cen-
ter–surround antagonistic integration of local motion signals
(Murakami & Shimojo, 1996; Tadin, Lappin, Gilroy, & Blake,
2003). However, such an integration mechanism does not account
for the backscroll illusion because a summation of the local motion
signals in the stimuli for the backscroll illusion yields no net mo-
tion. It is natural though, that the integration of object-based mo-
tion signals and retinal motion signals underlies the backscroll
illusion. Several recent studies have reported that recognition of
a mobile object activates the MT/MST area in a human brain that
is activated when viewing real motion stimuli (for review, see
Kourtzi, Krekelberg, & van Wezel, 2008). However, just a subtle
motion is perceived from object recognition compared with real
motion perception. Thus, it would be interesting to investigate
the strength of the backscroll illusion.
Fig. 1. Snapshots of a stimulus movie (a) and all eight types of the human ﬁgures (b) presented in this experiment.
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ber of observers tested under optimal conditions, the backscroll
illusion occurs with an average probability of over 70% of trials.
For instance, a walker or a runner was displayed against a back-
ground of a counterphase modulated grating that had a temporal
frequency of 10–20 Hz, velocity components similar to the gait
velocity, and a stimulus duration of 0.2–4 s. Under these conditions,
a compelling illusion was produced (ﬁnalist in the ‘‘Best Visual Illu-
sion of the Year Contest of ECVP2005”). However, the probability of
seeing the illusion did not always correspond to its perceived
strength. The present study attempted to quantify the strength of
the backscroll illusion using psychophysical measurements. The
interobserver and intraobserver strength variability were also
examined, because some people could hardly see this illusion.
In this study, we used a motion-nulling/cancelation method, in
which a test stimulus with motion energies in opposite directions
is presented. Experimenters control the difference between the
motion energies and determine the point that cancels unidirec-
tional percepts. A counterphase grating was used as the test stim-
ulus. The grating was the product of the linear sum of two
component gratings that moved in opposite directions, but had
the same spatio-temporal frequencies. When the component grat-
ings have the same luminance contrasts, a directionless ﬂicker is
the most dominant precept. As the ratio of the contrasts moves fur-
ther away from 1, the unidirectional motion is more often per-
ceived in the direction of the component grating of the highest
contrast. If the ﬂicker perception occurs when the contrast ratio
is not 1, it indicates that the motion perception is biased. This bias
can be represented as the strength of the ﬁrst order motion. For
example, when the ratio is 2, the bias is equal to the ﬁrst order mo-
tion in the opposite direction.
Recent studies have employed the nulling technique to evaluate
motion aftereffects. In these, motion-nulling ratios ranging from
1.5 to 2.4 (Nishida & Ashida, 2000) or from 1.2 to 3 (Falkenberg
& Bex, 2007) have been reported for ﬁrst order motion aftereffects.
As for second order motion aftereffects, motion-nulling ratio
ranges from 1.8–2.4 (Ledgeway, 1994). Thus, a reasonable assess-
ment of the strength of backscroll illusion would be possible by
comparing the motion-nulling ratio obtained for the backscroll
illusion with those reported for these other well-established mo-
tion illusions.
2. Methods
2.1. Observers
Fifty-three adults (20–37 years of age), including the ﬁrst
author, participated in the experiment. Three observers were ex-cluded from data analysis because their responses were such that
an animated human ﬁgure persistently induced the backscroll illu-
sion in all trials regardless of the grating conditions. Fourteen
observers were tested three times on separate days at intervals
of 3–21 days for examination of intraobserver variability. All
observers had normal or corrected-to-normal vision. All observers,
except for the ﬁrst author, were naïve with respect to the
experiment.
2.2. Apparatus
Visual stimuli were displayed on a 17 in. color CRT monitor
(EIZO T561 or T566) with a refresh rate of 75 Hz and a resolution
of 1024  768 pixels under control of an Apple Power Mac G4 com-
puter. Observers viewed the display binocularly from a distance of
90 cm with their heads supported by a headrest. The experiment
was conducted in a dark room.
2.3. Stimuli
The stimuli were movie clips that presented a human ﬁgure in
proﬁle walking on a treadmill; the background was dynamic, con-
sisting of a moving vertical sinusoidal grating [see Fujimoto and
Sato (2006) for details]. Brieﬂy, eight types of differently colored
human ﬁgures were used that varied in gender and age (boy, girl,
man and woman; Fig. 1b). All walkers had step length of 1.2 (vi-
sual angle) and they ranged in height from 2.4 to 2.8. The grating
was a grayscale image with a Gamma correction and subtended 5
both in height and width. Overall, the Michelson luminance con-
trast was 60%. Luminance contrast was multiplied by a 2-D Gauss-
ian envelope with a standard deviation of 1. Spatial and temporal
frequencies were 4.0 cyc/deg and 12.5 Hz, respectively. The dura-
tion of each movie was 0.48 s. These stimulus parameters, which
are identical to those used in Experiment 1–3 of our previous re-
port (Fujimoto & Sato, 2006), have been shown to yield a high
probability of inducing the backscroll illusion.
To employ the motion-nulling method, we varied the degree of
unidirectional motion presented in the grating pattern from trial to
trial. As mentioned above, this pattern comprised two sinusoidal
gratings that moved in opposite directions but each component
grating had constant spatio-temporal frequencies, as expressed
below.
Lðx; tÞ ¼ L=2f1þ Cs cosðfxþ gtÞ þ Co cosðfx gtÞg ð1Þ
Here, L, fx, and gt denote the mean luminance, the spatial frequency
and the temporal frequency, respectively. The coefﬁcients Cs and Co
denote the luminance contrasts of the component gratings moving
in the same and opposite directions, respectively, as that of walker.
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and 3.00 linearly on a log scale. Overall contrast that corresponded
to Cs + Co was kept constant at 60%.2.4. Procedure
Using a method of constant stimuli, predetermined stimulus
conditions were presented randomly in an experimental session
with a ﬁxed number of trials (i.e., 208 trials/session). Each grating
condition was presented 16 times in which each eight type walker
appeared twice. In the experimental sessions, all walkers were pre-
sented dynamically with the direction walker movement facing
either right or left (counterbalanced). In a separate control session
(i.e., 208 trials), only static images of walkers were presented; in
this condition walker images appeared with legs widely extended.
Hereafter, we refer to this control condition as ‘static walker con-
dition’ and to the experimental condition, in which the walking ﬁg-
ures were presented, as the ‘forward walker condition’ in
accordance with our previous experiments (Fujimoto & Sato,
2006). Each observer performed one session of each of these two
conditions in a random order in 1 day.
Observers initiated each trial at their own pace by pressing a
key following an auditory signal and the appearance of the ﬁxation
point. A stimulus was presented (for the duration of 0.48 s) after a
0.5 s interval during which only the ﬁxation point was presented.
When the stimulus disappeared, observers responded by pressing
one of three designated keys. The inter-trial interval was 2 s with
a thirty-second break provided after every 52 trials. A single ses-
sion lasted about 10–15 min and the inter-session interval was
about 5–10 min.
The observers’ task was to report their perceptual impression of
the grating in a three response classiﬁcation procedure. The re-
sponse alternatives were ﬂickering, drifting leftward, and drifting
rightward. The two directional responses were classiﬁed as ‘same
response’ and ‘opposite response’ according to their perceived con-
gruency (i.e., same) or incongruency (opposite) with the facing
direction of a walker (moving or static).
In the data analysis, we ﬁrst calculated probabilities of the
opposite and same responses for each walker type and grating con-
dition. Second, we obtained psychometric functions by logistic
regression analyses using the following expression:
y ¼ 1
1þ expða bxÞ ð2Þ
The variables x and y denote the log contrast ratios (log10 Cs/Co) and
the response probabilities (0–1), respectively. The coefﬁcients a and
b represent a slope and an intersection of a psychometric function,
respectively, which were estimated by the regression analysis with
a least square ﬁt. Third, we determined thresholds of the opposite
and same responses as log contrast ratios that would produce 50%
responses. A motion-nulling point was determined as a mean of
the thresholds and the log ratio was raised to the 10th power.3. Results
Fig. 2 illustrates psychometric functions for mean response
probabilities across 50 observers. The abscissa indicates the con-
trast ratio (Cs/Co) on a log-linear scale. The open and ﬁlled circles
indicate the mean probabilities of judgments of the relative motion
of the background grating as being ﬁgure motion in the opposite or
the same direction, respectively. The error bars denote 95% conﬁ-
dence intervals. Fig. 2a shows that the two regression curves for
the forward walker condition intersect at a contrast ratio of about
2. The exact nulling point was 1.90, deﬁned as a midpoint of the50% response thresholds. On the other hand, as shown in Fig. 2b,
the static walker condition yielded a nulling ratio of 1.21.
Fig. 3a and b illustrates histograms of the nulling ratios from the
50 observers. The ﬁrst data set of observers who were tested three
times is included in Fig. 3a and b. Fig. 3a shows that the nulling ra-
tios for the forward walker condition had an unsystematic distri-
bution, between 1.18 and 6.45 (mean = 2.03, median = 1.83,
SD = 1.59), which did not conform to a normal distribution (Kol-
mogorov–Smirnov normality test, p > 0.2). By contrast, as shown
in Fig. 3b, individual ratios for the static walker condition varied
within a narrower range from 0.97 to 2.02 (mean = 1.24, med-
ian = 1.16, SD = 1.21), which conformed to a normal distribution
(p < 0.05). Every observer yielded a higher nulling ratio in the for-
ward walker condition than in the static walker condition. A Wil-
coxon signed rank test revealed a signiﬁcant difference between
the conditions (Z = 6.15, p < 0.001). Additionally, the nulling ratios
of those conditions were highly correlated with each other across
the observers (Spearman’s rank order correlation for log ratios,
R = 0.81, p < 0.001). This is also shown by a scatter plot of Fig 3c.
Table 1 presents nulling ratios of 14 individuals who were
tested three times. The ratio of the maximum to minimum nulling
ratios was used to evaluate intraobserver variability. More than
half of the observers had max/min ratios of less than 1.2 (8 and
12 observers for the forward and static conditions, respectively).
In the forward walker condition, three observers had max/min ra-
tios of more than 1.5. This was because of the exceptionally high
ratio recorded in one of the tests.
The percentages of opposite responses to the counterphase grat-
ing with a contrast ratio of 1, as used in our earlier study (Fujimoto
& Sato, 2006) were 67.1% and 40.7% for the forward and static walk-
er conditions, respectively, on average across 50 observers; while
medians were 71.9% and 40.9%, respectively. Ranges (min to max)
were 0–100% for both conditions. Standard deviations were 26.8%
and 30.4% for the forward and static walker conditions, respec-
tively. Distributions of individual percentages did not follow nor-
mal distributions (Kolmogorov–Smirnov normality test, ps > 0.2).
For intraobserver variability, the max/min percentages exceeded
1.5 for about half of the observers under both conditions. Spear-
man’s rank order correlations of the percentages and the log nulling
ratios were high for both the forward (R = 0.77, p < 0.001) and static
(R = 0.82, p < 0.001) walker conditions.4. Discussion
4.1. Current results
The results showed that the backscroll illusion from the forward
walker had an average nulling ratio of approximately 2. This indi-
cated that the walker produced a directional bias comparable to
the ﬁrst ordermotion energy opposite to thewalking direction. This
strength was supported by the results under the static walker con-
dition. As shown in Fig. 2a, at Cs/Co of 2.0, the observers correctly
judged that the grating moved in the same direction as the walker
on 75% of the trials. If no walker ﬁgure was superimposed, the judg-
ment of grating motion would improve. That is, the backscroll illu-
sionwas canceled by a grating that appeared to be clearlymoving in
the same direction as thewalker. The average nulling ratio here was
comparable to those reported in studies of motion aftereffects (Fal-
kenberg & Bex, 2007; Ledgeway, 1994; Nishida & Ashida, 2000).
The results also showed that nulling ratios were distributed
more widely in the forward walker than the static walker condi-
tion. Compared with motion aftereffects (Falkenberg & Bex,
2007; Ledgeway, 1994; Nishida & Ashida, 2000), between-observer
variability appeared to be larger for the backscroll illusion when
considered under the forward walker condition. At this time, we
Fig. 2. Psychometric functions for the forward walker condition (a) and the static walker condition (b) for mean response probabilities across 50 observers. The open and
ﬁlled circles indicate the opposite and same responses, respectively. The error bars indicate 95% conﬁdence intervals. Each curve was obtained from a logistic regression
analysis with a least square ﬁt to the mean probabilities of each response category as a function of log contrast ratios. The abscissa indicates contrast ratios on a log-linear
scale. The open and ﬁlled triangles point downward to 50% thresholds of the opposite and same responses, respectively. The star points to a midpoint of the thresholds and a
nulling contrast ratio.
Contrast ratio: Cs / Co
> 41 2 41.5 2.5 3 3.5
N
um
be
r o
f o
bs
er
ve
rs 8
0
10
6
4
2
a. Forward walker condition
> 41 2 41.5 2.5 3 3.5
N
um
be
r o
f o
bs
er
ve
rs 20
0
25
15
10
5
b. Static walker condition
Contrast ratio: Cs / Co
c. Individual data
1 2 4 8
1
1.5
2
C
on
tra
st
 ra
tio
 o
f S
ta
tic
 w
al
ke
r c
on
di
tio
n
Contrast ratio of Forward walker condition
Fig. 3. Histograms (a: forward walker condition, b: static walker condition) and a scatter plot (c) illustrating distributions of the nulling ratios of 50 observers.
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Table 1
Motion nulling ratios of the observers who were tested three times.
Observer Forward walker condition Static walker condition
Experiment date Variability (max/min) Experiment date Variability (max/min)
1st 2nd 3rd 1st 2nd 3rd
1 1.21 1.13 1.16 1.07 1.10 1.03 1.05 1.07
2 1.23 1.41 1.42 1.15 1.13 1.04 1.15 1.11
3 1.34 1.26 1.39 1.10 1.01 1.03 1.03 1.02
4 1.41 1.55 1.41 1.10 1.00 1.04 0.99 1.05
5 1.47 1.37 1.39 1.07 1.08 1.04 1.05 1.04
6 1.55 1.43 1.53 1.08 1.11 1.08 1.06 1.05
7 1.70 1.43 1.92 1.34 1.18 1.19 1.10 1.08
8 1.83 1.67 1.58 1.16 1.15 1.10 1.09 1.06
9 1.88 1.70 1.88 1.11 1.16 1.07 1.13 1.08
10 2.60 2.62 2.06 1.27 1.60 1.58 1.13 1.42
11 2.69 6.35 2.30 2.76 1.48 1.27 1.26 1.17
12 3.25 3.30 2.35 1.40 1.40 1.53 1.28 1.20
13 4.13 2.67 2.54 1.63 2.02 1.72 1.55 1.30
14 6.45 2.21 1.87 3.45 1.36 1.24 1.19 1.14
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suggest that habitual ways of viewing the world affect susceptibil-
ity to motion from object recognition; for example, when a picture
of a runner moves in the facing direction, overestimation of its
velocity was larger by artists than by scientists (Comalli, 1960).
In our current experiment, mainly graduate and undergraduate
students in scientiﬁc psychology courses participated. If we had re-
cruited participants with various educational or occupational back-
grounds, individual differences might have increased. However,
determination of the factors causing individual differences for
the backscroll illusion requires further investigation.
Despite individual differences in the present experiment, every
observer had a nulling ratio for the forward walker condition that
exceeded 1, and this was higher than their ratio for the static walk-
er condition. Three observers excluded from the data analysis had
the opposite response rates at ceiling effect levels under all grating
conditions. Thus, an animated walker’s ﬁgure was found to univer-
sally induce a directional bias in perceptual judgments of back-
ground motion as moving in a direction that was opposite from
the direction of a walking ﬁgure.
The results showed that intraobserver variability was low. In-
deed, the nulling ratios for the ﬁrst author (observer 3 in Table
1) have changed little during ﬁve years. These observations sug-
gested that perceptual traits of individuals determine the strength
of the backscroll illusion.
Although the percentage measures correlated with the nulling
measures, they differed in terms of interobserver and intraobserver
variability. The nulling ratios appeared less variable within individ-
uals than did the percentages. Individual differences of the nulling
ratios were larger under the forward than the static walker condi-
tion. On the other hand, the standard deviation of percentages was
larger in the static condition than the forward condition. A similar
result for individual differences of percentages was obtained in an
earlier experiment in which the same 30 observers participated
(see Fig. 4 in Fujimoto & Sato, 2006). Although several observers
showed nearly equal percentages, their psychometric functions
varied. This variability seemed to reﬂect individual differences of
sensitivity to low-level motion contained in the counterphase
grating. Thus, the nulling measure, rather than the percentage
measure, was more suitable for investigation of how much a
high-level factor affected low-level motion perception.
4.2. Underlying mechanisms
The backscroll illusion is classiﬁed as a phenomenon showing
that form implies motion (Kourtzi et al., 2008). Recent studies havedemonstrated that such implied motion is mediated by perceptual
or neural mechanisms that analyze retinal motion signals. For
example, viewing static images of dynamic events activates the hu-
man MT/MST area (Kim & Blake, 2007; Kourtzi & Kanwisher, 2000;
Senior et al., 2000). Lorteije et al. (2007) showed that adaptation to
real motion attenuates an event-related brain potential to a picture
of a runner facing in the adapted direction. Winawer, Huk, and
Boroditsky (2008) demonstrated that viewing photographs of
moving people or animals produced motion aftereffects in real mo-
tion displays toward the opposite direction of living things. The
studies on adaptation and aftereffects indicate that recognition of
a mobile object produces motion signals toward the direction of
implied motion. Other studies also suggest that object recognition
enhances motion perception in the direction of the object (Comalli,
1960; Comalli, Werner, & Wapner, 1957; Krolik, 1934; McBeath,
Morikawa, & Kaiser, 1992; Reed & Vinson, 1996). By contrast, the
backscroll illusion appears in the opposite direction of the object
and in the background, not in the foreground ﬁgure. However,
there is an obvious difference between the stimulus images used
for the backscroll illusion and other phenomena. This is whether
the background contains physical motion or not. If the backscroll
illusion shares mechanisms with other phenomena, it is plausible
that the processing of relative motion between the object and
the background is involved. The MT/MST area of macaque monkeys
has a population of directionally tuning neurons whose responses
increase when the surround ﬁelds contain motion signals in the
opposite direction to that of the center (Allman, Miezin, & McGui-
ness, 1985; Eifuku & Wurtz, 1998). This center–surround antago-
nistic type of integration of motion signals is a candidate for
motion from form.
Schlack and Albright (2007) found that MT neurons of macaque
monkeys respond to a static picture after associative learning with
a real motion stimulus. This suggests that implied motion percep-
tion is based on daily experiences that a mobile object is usually
accompanied by motion. The backscroll illusion might be ex-
plained from retinal images produced frequently in everyday situ-
ations where a mobile object and a background object move in
opposite directions when the background is static. As well, experi-
ence may account for individual differences (Comalli, 1960). The
ﬁndings in Schlack and Albright were from the results of neural re-
sponses at over 500 ms from stimulus onset. On the other hand, we
showed that the probability of the occurrence of the backscroll illu-
sion reached a maximum before 500 ms. So that conclusions can be
reached about the mechanisms underlying the backscroll illusion,
experiments that directly investigate its neural mechanisms are
needed.
764 K. Fujimoto et al. / Vision Research 49 (2009) 759–764Recent studies have reported relationships between static mo-
tion illusions and eye movement. The perceived speed of apparent
motion in Leviant’s enigma correlates with microsaccade rates
(Troncoso et al., 2008). Guided-eye movements increase the activa-
tion of the human MT/MST area for the rotating snake illusion
(Kuriki et al., 2008). If eye movements strengthen the backscroll
illusion, we may ﬁnd common grounds with other motion illusions
and gain a better understanding of the underlying mechanisms.
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